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ABSTRACT

We are able to construct three-dimensional global models of the upper
atmosphere (120 to 800 km) by solving the conservation equations of mass,
momentum, and energy. We show that variation of conditions at the lower
boundary, 120 km, affects the atmosphere only to about 200-km altitude,
Differing results cbtained by in situ satellite or rocket measurements in the
120- to 200-km range can therefore be explained as resulting from atmos-

pheric behavior below 120 km.

We report on a study of possible wind fields and find diurnally varying
winds with no steady east-to-west flow. Viscous forces at the higher alti-
tudes match the pressure gradient forces and give rise to small wind magni-
tudes above 300 km. Maximum wind speeds are found to occur near 140 km,

where viscous effects are not too great.

RESUME

La resolution des équations de conservation de la masse,
de la quantite de mouvement et de l'energie nous permet de
construire des modeles gloktaux, a trois dimensions, de la
haute atmoesphere (120 a 800 km). Nous montrons qu'une
variation des ccnditions au plus bas niveau, 120 km, affecte
l'atmosphére jusqu'a une altitude de 200 km seulement. On
peut donc expliquér les resultats discordants fournis par les
mesures effectuees par satellites in situ ou par fusées, dans
la région allent de 120 & 200 km, ccmme etant dis au ccmporte-

ment de l'atmosphére en dessous de 120 km.

PRECEDING PAGE BLANK NOT FILMED.
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Nous donnons le compte-rendu d'une etude de champs de
vents possibles et trouveons des vents variant journellement
sans courant reégulier est-ouest, Aux plus hautes altitudes,
les forces de viscosite €galisent les forces du gradient de
pression et donnent naissance a de faibles vents su-dessus de
300 km. On trouve que les vents sont les plus forts prés de

140 km, ou les effets de la viscosite ne sont pas trop grands,

KOHCITEKT

Pewan ypaBHeHVe COXDaHEHUs MaccCh, MOMEHTA CUJ U 3HEPTuu,
Ml B COCTOSIHUM TIOCTPOUTEL TPEXMEpHHEe WAapOBhe MOLeNu BepXHux
cnoes armocdeps (120-800 km). Mm nokaswBaeM, 4YTO UBMeHeHUe
yenoBuit Ha HuxHed rpaHuue - 120 KM, OKas3HBaeT BJAUAHUE HA
armochepHre cnou B npemenax nulb 200 KM BHcOTH. OTnuyanunecs
pes3ynbTaTh, MNOJIyuUeHHbE IIpZ/ NOMOIUM KOCMUUYECKUX TOJI2TOB, IJIf
BrcoT 120-200 KM MOTrYT GHTBL OOGBACHEHH 3a cueT aTMOCHepHOTro
cocrofadua Huxe 120 KM.

My 3aHuUManuch BONPOCOM MBYUEHUA BOBMOXHHX. BETPOBHX Mojeil
1 OOCHAPYKUIIU CYTOYHO IepeMeHHhe BEeTpH, He UMenuue MNOCTOAHHOTO
HanpaBjleHUs BeTpa C BOCTOKAa Ha 3andn. Cuiibl BASKOCTU BHCOKUX
CJIOeB COBNANAWT C TI'PAIVMEHTOM CHMJIb OaBJIEHUA U CIOCOOGCTBYIT
YyBeNINUYeHN0 cnadéux BeTpoB Boue 300 kM. Kak Ouno o6HaApyxeHO,
MakcumanbHasa CKOPOCTh BeTpa IOOCTUTAETCHA Ha BHCOTe Npubnusu-
TenbHO 140 KM, rze Cunb BASKOCTU He OUEHb BENUKU.

viii
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UPPER ATMOSPHERE DYNAMICS

Manfred P. Friediman
1. INTRODUCTION

This paper describes a continuation of work presented in SAO Special
Report No. 250, "A Three-Dimensional Model of the Upper Atmosphere'
(Friedman, 1967). The work is based on our ability to construct by
theoretical means three-dimensional global models of the upper atmosphere.
We do this by numerically solving the partial differential equations of con-
servation of mass, momentum, and energy in a spherical coordinate system
and between the altitudes 120 and 800 kmm. The densities of 02, NZ’ O, He,
and H, as well as temperature and winds,, can be computed, and the main

input to the problem is solar EUV (extreme ultraviolet) radiational heating.

We do not consider chemical dissociation or recombination interactions.
In addition, the present state of knowledge prevents us from giving too accu-
rate a description of the energy input, Our model of the solar heating process,

as well as other details of the formulation, is described in Friedman (1967).

Two major improvements to our previous paper have been made. The
first is mathematical: by changing to a larger computer (CDC 6400) we were
able to decrease the spacing between altitudes. We now have a mesh of 69

altitudes, compared with the 40 used earlier. Also, the vertical spacing is
now a2t most 1 /4 scale height, |

The second improvement is in the physical formulation. In the earlier
work, we neglected winds and assumed that thekatmosphere rotates essen-

tially as a rigid body with the earth. This formulation simplified the

This work was supported in part by grant NGR 09-015-002 from the National -
Aeronautics and Space Administration.



analysis yet permitted us to predict the major features of the upper atmos-
phere. We were able to ascertain, for example, that the daytime bulge
migrat«s with the subsolar point, north and south of the equator, during
seasonal changes. We know, from the fact that pressure gradients exist,
there must be bulk motions within the atmosphere. In order to determine
the importance of these motions, we have extended the previous analysis to
include winds. Our present formulation is capable of computing winds as

well as temperature and density on a global scale.

In Section 2 we present our basic equations and give a brief description
of their derivation, Our results of computing an atmosphere without winds
but with different boundary conditions are discussed in Section 3. We find
that the atmosphere above 200 km is insensitive to changes in conditions at
120 km. In Section 4 we describe the results of our computations involving
winds. Our main finding is that the winds attain their maximum magnitude
near 140 km and that above 140 km they decrease in magnitude with increasing

altitude.



2, COORDINATE SYSTEM AND EQUATIONS

2.1 Coordinate System

Before we give the basic equations, it will be helpful to describe the
coordinate system (Figure 1), We use a spherical coordinate system where
the origin is at the earth's center and the polar axis coincides with the earth's
axis of rotation, For numerical treatment we use a mesh consisting of 69
(unequally spaced) altitudes between 120 and 800 km, 12 longitudes (30°
spacing), and 9 latitudes (2275 spacing). The sun is stationary and the earth
rotates with respect to the coordinate system; for this reason, it is some-
times convenient to use the appellation local solar time (LST) rather than

longitude. The longitudinal spacing, then, is every 2 hours.

NORTH
POLAR AXIS
[}

EARTH ROTATES

k-) 2w

AT EYy RAD/HR

6= COLATITUDE

8=90°
H=i2h | g7 {:}
EQUINOCTIAL
SOLAR
POSITION

H=6"LsT

Figure 1. Coordinate system used for computations. The system is
fixed at the center of the earth and contains the sun; the
earth rotates with respect to the system: 0 = colatitude,
¢ = hour angle.
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We are interested in determining the state of the atmcsphere corres-
ponding to given temperature and density data at 120 km and solar heating
on the sunlit part of the atmosphere. Studies of satellite-drag data (Jacchia,
1965) have shown periodic variations of 24-hour, 24~-day, semiannual, and
Il-year durations as well as transient changes that correspond to solar and/or
geomagnetic activity, If we were to have a formulation general enough to
include all these effects, we would need as independent variables time and
threce space coordinates, However, solution of problems with four indepen-
dent variables would take an inordinately large amount of computer time,
We therefore compromise by solving only for the 24-hour or diurnal atmos-
pheric behavior. This is done in a most natural way with our global coor-
dinate system by simply assuming no time dependence. We determine an
equilibrium solution that encompasses bcth the sunlit side and the night side,
and our independent variables are the three space coordinates of latitude,
hcur (longitude), and altitude. The reduction from four to three independent

AR TR SRR, e L v T

variables has brought the problem to an almost manageable formulation.

After a given set of input parameters has been prescribed, it takes about
an hour of computing time for the atmosphere to come to a final equilibrium
state; of course, this time depends on how near the initial atmosphere is to
the final atmosphere. However, once we have attained a solution, we have
the equivalent of 84 one-dimerisional solutions all in diurnal equilibrium. The

number 84 comes from 7 latitudes and 12 hours; the remaining 2 latitudes are

the north and south poles, which are singular points for our spherical coor-

dinate system (we do not solve the conservation equations at these points).

2.2 Equations of Mass, Momentum, and Energy Conservation

L i

Details of the derivation of these equations are given by Friedman
(1967); the only change is that we include winds in the present equations. We

it el M.

will therefore omit a lengthy derivation and present only the initial equations,
a definition of terms, and the final results. We are dealing with a multi-
component gas mixture, and our starting equations are derived from basic
principles in Chapman and Cowling (1960) and Hirschfelder, Curtiss, and
Bird (1964).
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2.2.1 Number-density conservation

We assume that there is no creation or loss of constituents through

chemical means; therefore, we start with

ani . -
-a-é-—+V-(niv)+V'(niVi)=O , (1)
where
n, = number density of ith species (i= 1,2, 3, 4, 5) corresponding
to 02, NZ‘ O, He, and H, respectively,
v o= macroscopic velocity,
Vi = diffusion velocity of ith species.

The macroscopic velocity, i. e., wind, is given by

v= (wr, Wg w¢) = [o, rwvg, rw(sin 6 + v¢)] , (2)
where

r = radius from center of the earth,

0 = colatitude,

¢ = hour angle,

w = earth rotation rate = 7.27 X 10" rad/sec,

g
"

dimensional wind component,

dimensionless wind component.

v

We neglect vertical winds and consider only the horizontal winds vg and v,
which have been made dimensionless by the factor rw. The quantity rw sin 6
is the earth's rotation velocity at altitude r and colatitude 0; since the earth
rotates relative to the coordinate system (Figure 1), this quantity must be
included in the velo'city definition. The meridional wind Vg i8 positive when

it is from north to south; the zonal wind v¢ is positive from west to east.



The diffusion velocity is

-{;i.=-Di[Zn:.:i +(l+uTi)z,IL.r- --];d.l-,i—’-)Vp] ) (3)
where

Di = diffusion coefficient,

ap = thermal diffusion coefficient,

Mi’L = molecular mass, ith constituent,

k = Boltzmann constant,

p = density,

P = pressure,

We combine equations (1) and (2), recalling that our steady-state diurnal

solution is independent of time, to get

w [ 9 : 9 : _
prewy [ 30 (nive sin 0) +5$ ni(sm9+ v¢)] + V niVi- o . (4)

2.2.2 Energy conservation equation

The energy equation is derived in Appendix A of Friedman (1967); we

need only add a term that describes energy losses due to viscous shear:

DT Dp _ o. v . VY
pCth-Dt—V )\VT-ZpiCini-VT+‘rij.Vv+Q , (5)
where
Cp = specific heat at constant pressure,
T = temperature,
w w
Dt ot r or r 90 r sin© 9¢
'rij = shear stress tensor,
Q = external energy-source term.
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The third term on the right side of equation (5) is the viscous shear
contribution, The shear stress tensor Ty is quite lengthy when expressed
in spherical coordinates and will not be reproduced here. The inquisitive
reader may find it written out in Bird, Stewart, and Lightfoot (1966, p, 91).
If we use velocities as defined in equation (2) and neglect earth curvature,

l1/r « 8/8r, we can approximate the viscous friction term as

R (8w9>2 <3w¢>2
TyiYYER e ) f\ew /| (6)
where 1 = viscosity coefficient,

The energy equation, in its final form, is

8T % _)aT 9p b\ 2
©pCp [Vea ' (HSinG)&b] ""["666* <l+sin6 5

2 2
- 8V BV
=V AVT - ZpiCp.Vi-VT-kMrszl:(——e-) + (ﬁ) ] rQ.

1

2.2.3 Momentum conservation equation

Again, for brevity, we will not write out the full momentum equations —
with viscous shear terms — in spherical coordinates, These can be found in
Bird et al. (1966, pp. 86 and 90). In order to arrive at their final form, we

have assumed that

A. Horizontal logarithmic derivatives of viscosity are negligible:
|0 4np/8¢| or |04np/00| <« 1. '

—

B. Terms arising from earth curvature are negligible relative to radial

derivatives: 1/r << 98/dr.



C. Horizontal shear terms are negligible with respect to vertical shear
terms: (1/r) (8/9¢) or (1/r) (0/00) << 3/9r.

D, Nonlinear momentum transport terms have been retained.

The momentum equations are

GM
2 . 2 1 0 0 v
vat (8in 0 + v )" = B - .
0 ¢ pwz or r3w2 3rpw sin 0
ov
0 9 .
x;;(g-é— e sm6+-aT‘h) , (8)

ave vq) ave vl 2

Ve -é%_' + (l + Sin e) a¢ - (l + sin 3] sin 0 CcCOSs 0
ov
-1 ap 1 9 ( 9)
prZ‘MZ 00 pw OJr or ’
and

ov v ov

_ﬁ ( ¢ ) ¢ - -1 ap
v + \1l + — + 2v, cO08 0 + v v, cot B = —
6 26 sin 6/ 9d 0 0" préw? sin 6 b

ov
A8 9
+pw or (“ 8r> ’ (10)
where

GM, = gravitational constant multiplied by earth mass

0
= 4 x 105 km3/sec2,

Voo v¢ = dimensionless meridional zonal wind speed defined in
equation (2).
Since we are neglecting vertical velocities, equation (8) is redundant and

horizontal velocities are determined by solving equations (9) and (10).



iy

2.2.4 Viscosity and thermal conductivity coefficients

The upper atmosphere in the altitude range v.e are considering is not a
homogeneous gas mixture, since its constituent composition is everywhere
changing. Because of this, expressions for the transport coefficients are
quite complex; their derivation is discussed in Hirschfelder et al. (1964,
chapters 7 and 8). However, it is possible to approximate them with suffi-
cient accuracy by use of formulas given in Bird et al. (1966, pp. 24 and 258):

viscosity coefficient:
Mo .= Z e Lt S
mix n &,
i Z J 1
J
thermal conductivity coefficient:

n, A\,
h - -———1———1——-—-
mix ::: n. &.. !
i ? J 1)

where

c. + o, 2 2M,
&, . = | 11 —]
ij 20'.1 Mi+ Mj :

o, = atomic collision cross section of ith constituent,
IvIi = molecular mass, ith constituent,
A M;kT

" - ?

1 16 0'.2 v

i

N = 75k kT

1 64 criz ™M,

All summations are over the five constituents 02, NZ’ O, He, and H.



3. RESULTS OF MODEL-ATMOSPHERE CALCULATIONS

Our three-dimensional model and method of analysis permit us to carry
out atmosphere determinations that are quite general: we are able simul-
taneously to determine density, temperature, and winds. This is especially
important for wind calculations, since earlier authors (Geisler, 1966, 1967;
Kohl and King, 1967; Challinor, 1968, 1969) computed winds using a fixed
atmospheric background, and the effects of the computed winds on the tem-

perature and density distributions were not determined.

3.1 Problems Considered

We have set out a program to determine the effect of winds in the follow-
ing manner: First, we compute an atmosphere without winds. Next, we use
this equilibrium atmosphere as a background for a wind computation; that
is, as in the references mentioned above, we compute winds without calcu-
lating their effect on the atmosphere. We do this quite simply by solving
only the momentum equation, bypassing the mass and energy equations.
Finally, we start over and compute an atmosphere using the full set of con-
servation equations and simultaneously determine temperature, density,

and wind,

3.2 Temperature and Density Computations without Winds

We have run several experiments without winds to determine the effect of
an improved numerical formulation as well as to study the effect of different

boundary conditions at the base of our atmosphere, 120 km.

We computed the earlier results (Friedman, 1967) using a 40-altitude
mesh between 120 and 800 km; for the present results we use 69 altitudes.

With this number of altitudes we are able to adjust the mesh spacing to at

PRECEDING PAGE BLANK NOT FILMED.
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most 1/4 scale height throughout. Hence, computations are more stable and
converge more quickly; however, because of the additional altitudes, more
computing is required. The net result is a trade off, and the overall com-
putation time between an initial and a final atmosphere remains about the
same, roughly 60 to 90 min on the CDC 6400, What we have gained are

greater accuracy and more confidence in our final result.
3.2.1 Boundary-condition effects

The present computed atmosphere corresponds to a higher exospheric
temperature than that of the earlier one (Friedman, 1967); we generate this
atmosphere by increasing the magnitude of the solar EUV heating. Two or
three years ago the general feeling was that atmospheric conditions at 120 km
remained constant. We therefore started with the same boundary conditions at
120 km as were used in our previous work. This was found to be incompatible
with the increased heating. At the lowest altitudes (below 160 km), where
the scale height is smallest and hence the numerical sensitivity is greatest,
we found that the gradients between our 120-km fixed data and our computed

data near 160 km were too large.

The altitude of maximum solar EUV absorption is near 150 km. This
apparently caused excessive heating with respect to our fixed conditions at
120 km; calculations would not converge. After adjusting the temperatures

and densities at 120 km to higher values we obtained convergence.

This result gives support to recent (Jacchia, 1969) findings: measured
diurnal density variations at 160 km are inconsistent with a constant atmos-
phere at 120 km; hence, the level of constant diurnal temperature and density

(if one exists) must be lowered to an altitude probably below 100 km,

Figure 2 shows the effects of three different boundary conditions on the
computed atmosphere at several altitudes between 120 and 240 km. In
addition, we give, for comparison, data obtained from Jacchia's most
recent model (1969, private communication), Equatorial density profiles

are plotted against local time of day.

12
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Figure 2. The effect of different boundary conditions at 120 km
on diurnal equatorial density profiles for altitudes
between 120 and 240 km.
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The three boundary conditions set at 120 km are diurnally varying tem-
perature and density with a maximum near l.‘.'vh and a minimum near 4h; con-
stant temperature and density; and inverse diurnal temperature and density
with maximum and minimum near 2h and léh, respectively, There is also
a latitudinal variation of the boundary data for the first and third cases; the
second case is constant throughout. In lieu of lengthy descriptions, these

boundary data are listed in Tables 1, 2, and 3, respectively.

Results at these low altitudes clearly reflect the boundary conditions;
for example, the case with inverse sinusoidal data at 120 km shows that this
behavior persists to about 200-km altitude., Above 240 km, the effect of the
lower boundary condition rapidly becomes negligible and all three problems

give indistinguishable results.

These low=-altitude results, varying with boundary conditions, are quite
interesting in light of some recent atmospheric measurements in the vicinity
of 150 km. King-Hele and Hingston (1967), by reducing satellite-drag data,
find a strong diurnal atmospheric structure near 150 km, i, e., a diurnal
density variation by a factor of 1. 7. Although this variation may have been
exaggerated by their neglect of the semiannual variation (Jacchia, 1969),
there must certainly have been more structure than exhibited by existing
(CIRA, 1965; Jacchia, 1965) atmospheric models. On the other hand, after
evaluating data from another low-altitude satellite, King-Hele and Walker
(1969) find very little diurnal variation. Weidner and Swenson (1969), measuring
nitrogen densities with mass-spectrometer probes, find a relatively flat
density profile from 10?10 to 22.h0 and a small dr‘op in density during early
morning hours. Furthermore, they find that the familiar diurnal density

profile does not develop until the 200-km altitude is reached.

It is our opinion that these different readings of atmospheric behavior
are all valid and are only a reflection of '"weather' near the 100-km level,
Since the solar EUV energy is deposited mainly at the 150-km level, this
source helps obliterate lower level phenomena and sets up the basic diurnal
nature of the upper atmosphere. Atmospheric behavior between 100 and

200 km, especially between 100 and 150 km, where problems of turbulence

14
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and oxygen chemistry also arise, is exceedingly complex. With our limited
ability to acquire data and our limited understanding of the various phenomena,
it is doubtful that any theorctica! approach could adequately describe this
region at this time, although there have been some recent attempts at con-
structing one-dimensional models (Shimazaki, 1968; Colegrove, Johnson,

and Hanson, 1966).

3.2.2 Higher altitude results

In Figures 3, 4, and 5 are plotted diurnal density profiles at several
altitudes between 300 and 750 km. Figure 3 shows densities along the equa-
torial plane, and Figures 4 and 5 show dcnsities along 45° and 6775 latitude,

respectively.

We note in Figure 3 the excellent agreement, for data along the equa-
torial plane, between our result and that of Jacchia (1969, private communi-
cation). The agreement at 420 km is no accident. Since satellite-drag data
are probably best in or near the equatorial plane and near 420-km altitude,“
we sclected one of Jacchia's models (all of which are based on actual satel-
lite data) to give good agreement. The results at all other latitudes and

longitudes follow.

It is interesting to note that Figures 4 and 5 show our densities falling off
at higher latitudes more rapidly than those of Jacchia. This leads to the ques-
tion: If we start with a density distribution at 120 km that is in good agreement
with Jacchia's and if in both analyses no mass is lost, what has become of
our mass near the higher latitudes? The answer lies in our method of com-
parison. If we had matched density profiles at 45° instead of at $° latitude,
then our result would have shown a density excess near the equator and a
density diminution near the poles, thus balancing the mass distribution. In
all cases, we would have had our density profiles in agreement to within
£15%. Such a comparison may make the results look better; however, there
still remains a basic difference between the two models in their north-south

density profiles.
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3.2. 3 Temperatures

In Figures 6 and 7 we show vertical temperature profiles at 0° and 67°5
latitude at 14?10 and at 2%10 LST. When altitude 200 km is reached, our com-
puted temperatures have become, and remain, higher than those used by
Jacchia to generate his models. During the daytime (Figure 6) the two
results agree to within 40°K, whereas at night (Figure 7) our results are

some 80°K higher than Jacchia's,

Figure 8 shows diurnal temperature profiles at various altitudes between
125 and 750 km. Here again, we see that at higher altitudes our computed

temperatures are consistently higher than Jacchia's.

For both sets of profiles, vertical in Figures 6 and 7 and diurnal in
Figure 8, the shapes are in good agreement. Our diurnal profiles at 200 km
and above show a temperature peak slightly later than Jacchia's; the times
of the minima agree. It is interesting to note that our calculations consis-
tently show that the temperature peak occurs later in the day than does the
density peak between the altitudes 200 and 750 km. This is more pronounced
at the lower end of the altitude range, where the densities peak near 13.hO
and the temperatures, near 15%10. At the higher altitudes, densities peak

near 14.hO and the temperature peak has moved toward this hour.

It is difficult to find reasons for the differences in magnitude between
our temperature profiles and Jacchia's. The major difference between the tweo
approaches is that we are computing a three-dimensional atmosphere, while
Jacchia is computing a one-dimensional vertical profile. Probably when .
lateral mass transfer is permitted, a higher temperature is required to

support the observed densities. .
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25



4, RESULT OF INCLUDING WINDS IN THE ANALYSIS

4. 1 Momentum FEquation and Boundary Conditions

In progressing from the previous section and the static (no wind) analysis
to the present analysis, which includes horizontal winds, the major change is
the introduction of momentum equations (9) and (10)., These equations as
written result from a considerable reduction of the full three-dimensional
momentum equations, We chose to retain both linear and nonlinear terms
since it was not clear at the outset which, if any, of these terms could be

discarded.

Geisler (1966, 1967), Kohl and King (1967), and Challinor (1969) com-
pute winds using a fixed atmosphere as a background and a linearized
approximation to the momentum equation. Their results show that it might
be possible to have winds of magnitude as great as 200 or 300 m/sec, In
view of this, we decided not to linearize equations (9) and (10); hence, all

terms on the left side of these equations are included in the analysis.

It should be pointed out that none of the authors cited above includes a
term corresponding to the sin 6 cos 0 term in equation (9). This term is the
component of the centrifugal force rwz sin O cos 0 along a longitudinal line
due to the earth's rotation. This is a real force, and if a spherical coor-
dinate system is used, the term must be included. These authors use a
'"geoid' coordinate system in which the level surfaces are equipotentials;

i. e., they are normal to the resultant of the gravitational and centrifugal
force vectors. Hence, horizontal winds in the level surfaces are unaffected
by these forces. Such surfaces are a somewhat better approximation than
are spherical surfaces to level surfaces on the earth and in the atmosphere.

Therefore, a geoidal system is the most natural one for atmospheric studies.

FRECEDING PAGE BLANK NOT FILMED.
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Working in a geoidal system, we solve the momentum equations and
obtain the following (dimensionless) form:

2
0 v v v v ov
pw 81'2 v(b cos 9 (2 * sing) T L+ 5in 0/ 9¢ * Vo 90

L op 1 pp 2V

+ - Al e (11)
przwz 006 pw Or 9r ’
N 82v¢ vy _ Bvq) Ov[
o 52 T 2eesOvpt (1 + sin9> % % Vo Y * Vo 70
b1 op _ 1 o 2V (12)
przw2 sin 0 0% pew Or Or |

We do not include in these equations the effects of drag on the neutral
constituents caused by collisions with the ionic constituents. Geisler (1966,
1967) and Kohl and King (1967) include a term to account for this effect,
These authors show that the ionic drag causes a small change in the computed
winds, In anticipation of the discussion on our computed results, we do not
think that ionic drag will alter these results to any great extent since we

already find negligible winds at altitudes where ionic drag would be important.

We did, however, set boundary conditions in the same manner as the
other authors: at the lowest boundary, the velocities are set equal to zero;
at the highest boundary, the radial derivative of the velocity is set equal to
zero., This latter condition implies zero horizontal shear, which is reason-
able because of the high kinematic viscosity at the higher altitudes. One
could also reason that at sufficiently high altitudes, collisions between ions
and neutrals dominate the process and therefore the neutral atmosphere
would be constrained to corotate with the magnetic lines and hence with the

earth, For this case, there would be no wind at higher altitudes, and an
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upper boundary condition of zero wind would be appropriate, We tried some
computations with this boundary condition and found negligible differences
between these results and the results of zero horizontal shear conditions,

4,2 Wind Computations

In this section, the results of computing an atmosphere with winds are
presented. We carried out two experiments, The first was to compute the
winds with the atmosphere held fixed, This scheme for treating the problem
is analogous to that used by Kohl and King (1967) and by Geisler (1966,1967).
For the second experiment, we started with the same initial atmosphere used
to compute one of the models of the previous section; this time, however, we

simultaneously determined temperature, density, and winds,

Figures 9a, b, and ¢ show wind profiles computed by mecans of ecquations
(11) and (12) and the fixed atmospheric model. The model used is that
obtained with diurnally varying data as a lower boundary condition, discussed
earlier., Figures 10a and b show the resulting winds obtained by computations
that start with the same initial atmosphere as that used to compute the above
model, These latter computations, as mentioned earlier, include the evolu-
tion of temperatures and densities, as well as winds, to a final equilibrium
state, Figures 11 and 12 show diurnal density profiles at low altitudes for
the two cases — with wind and without wind (discussed in Section 3). Curves

showing density profiles at higher altitudes are given in Figures 3, 4, and 5.
4,2.1 Discussion on wind profiles

Since we are considering only the equinoctial case, we have drawn in
Figures 9 and 10 only the northern hemisphere results. Our calculations
show winds of greatest magnitude, about 100 m/sec, occurring near 140 km;
the wind magnitude then decreases with altitude until, above 400 km, it is
less than 1 m/sec. This result is contrary to those of Kohl and King (1967)
and Geisler (1966,1967), who find winds that increase with altitude, attaining

magnitudes of 200 to 300 m/sec above 400 km,
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Figure 9a. Wind direction profiles for the northern hemisphere,
at altitudes of 125 and 140 km. Winds are computed
with a fixed atmosphere at equinoctial conditions.
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Figure 9b. Wind direction profiles for the northern hemisphere,
at altitudes of 160 and 200 km. Winds are computed
with a fixed atmosphere at equinoctial conditions.
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Figure 9c. Wind direction profiles for the northern hemisphere,
at altitudes of 300 and 580 km. Winds are computed
with a fixed atmosphere at equinoctial conditions.
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Figure 10a. Wind direction profiles for the northern hemisphere,

at altitudes of 125 and 140 km. Winds are computed
along with temperatures and densities at equinoctial
conditions.
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Figure 10b. Wind direction profiles for the northern hemisphere,

at altitudes of 160 and 200 kmm. Winds are computed
along with temperatures and densities at equinoctial
conditions.
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Figure 11. Comparison of diurnal density profiles in the equatorial
plane for altitudes between 120 and 200 km.
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We tabulate in Tables 4 to 9 computed values of the terms in the
momentum equations (11) and (12), In Table 4 we define the terms of the
differential equations represcented by column headings 1 to 13 in Tables 5 to 9,
For each altitude we have printed out data at 45° north latitude and at various
times during the day, each table (5 to 8) corresponding to a different time.
Table 9 presents results at the equator and l4¥10. This sampling of data is

representative of results throughout the atmosphere.

From these tables, we can conclude that above 200 km the only relevant
terms are the shear force and the pressure-gradient force, These are in
columns 1 and 5 for the meridional velocity equation and in columns 7 and 12
for the zonal velocity equation., This implies that all other terms, including
the nonlinear ones, are irrelevant in the altitude range above 200 km and that,

essentially, the pressure and viscous forces are in balance.

In the altitude range above 200 km the momentum equations (11) and (12)

can therefore be written as

2

w2V 1 sp
= 5 ,
pe 8r-2. pr"w2 99
82v
e 9p | (13)
PL o pr w  sin © 3¢

Columns 5 and 12 of Tables 5 to 9 show that the pressure gradient terms
on the right side of equations (13) either remain approximately constant or
increase, at most, linearly with altitude, despite the fact that density decreases
exponentially, On the left side of equations (13), the controlling factor is the
kinematic viscoesity u/p, and since p is nearly constant above 200 km, the
velocity derivative term must decrease approximately exponentially with the

density. This in turn implies that the velocity itself must similarly decrease.
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Table 4, Definition of column headings used in Tabley 5 to 9. The
numbers in the left column refer to column headings in the
tables, The terms in the right column correspond to terms
in the momentum equations (11) and (12); the velocities in
these terms are made dimensionless by dividing the dimen-
sioned velocities by rw (equation (2)).

Column Corresponding term in momentum equation
2
o v
| -~
PL B
v
2 - v, cos O |2+ —.—L
/ ¢ sin 0
v ov
3 + = $ o
sin 0/ 0¢
ov
0
4 Vo 36
5 1l 9 1
p 00 2 2
rw
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2
0
. v 2
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Geisler (1966) uses as his basic equation (in our notation)

1 0
2 cos O v, = =B s
o} przw?‘ 90

) ap

przw2 sin O 0% ‘

=2 cos 0 vy = (14)

His atmospheric model, which is held fixed, is such that the right side of
equations (14) increases nearly linearly with altitude. He therefore attributes
this behavior to the velocities on the left side of equations (14). Later in his
analysis he inserts the viscous shear terms as a correction, but these involve
a second derivative with respect to altitude. Since the velocities are already
determined to be nearly linear, this second derivative apparently reduces

the contribution of the viscous terms to a very small magnitude, despite the

large kinematic viscosity,

In a later paper Geisler (1967) improves the mathematical analysis; his
formulation is quite similar to that of Kohl and King (1967)., These authors
solve an initial value problem with a diurnally periodic pressure gradient as
a forcing function. They arrive at a final result when the wind system

becomes diurnally periodic,

On the other hand, our analysis is a steady-state approach in which we
look for a global equilibrium distribution of temperature, density, and wind
velocity. This global picture automatically includes the diurnal effect; time
derivatives are replaced by derivatives with respect to .the longitudinal

coordinate.

Although there is this basic difference between our approach and that of
the other authors, it is not clear that this difference is sufficient to account
for our disparate results: we find velocities that become negligible with,
increasing altitude, whereas they find velocities that increase to hundreds

of meters per second with altitude. One possible reason for the different
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results could be related to the numerical treatment of the basic equations.

In our analysis the terms appearing in equations (13) are the most important
ones at higher altitudes, while Geisler and Kohl and King may treat the terms
in equations (14) or some other equivalent terms as the most important, We
tried several different formulations and numerical-difference schemes, all
of which led to the same result: the viscous and pressure-gradient terms

are the most important,

Another possible reason for the differcent results is that our basic
atmosphere is computed as 2 whole by means of the conservation equations,
It has an inner comsistency. Geisler and Kohl and King generate an
empirical atmosphere based on simple algebraic and trigonometric formulas.
Pcrhaps gradients over these empirical formulas do not properly describe
the true situation. This reasoning must be recognized as conjecture on our
part since these authors do not describe their analytical numerical techniques

in detail.

One further point must be made. Any theoretical result, including ours,
based on continuum fluid-dynamic equations above the altitude of 400 or

500 km must be taken con grano salis. At these altitudes the mean free path

for particles is approximately equal to or greater than the scale height, and

the problem moves into the realm of kinetic theory.

At the lower altitudes, where we find the winds to be of greatest magni-
tude, the viscous and pressure-gradient terms are usually the most prom-
inent, This, however, is not always true (Tables 5 to 9), and other terms
of the momentum equation may be of greater importance. It is interesting
to note that the nonlinear terms never seem to play an important role, and
following Geisler (1966,1967) and Kohl and King (1967), we might just as

well have omitted them.

In short, we find in our calculations that the wind magnitudes are
greatest at the lowest altitudes, near 1[40 km, and decrease with increasing

altitude. This behavior persists despite the fact that pressure gradients



sometimes increase with increasing altitude. The reason for this is the

exponential increase of the kinematic viscosity with altitude.

At any given altitude, daytime winds away from the bulge are of greater
magnitude than nighttime winds because daytime pressure gradients are

steeper at higher latitudes.

o

z
At the lowest altitudes, near 160 km, the transpert from the daytime

to the nightime side is mostly in the east-west direction. At higher altitudes

this transport is mostly over the poles,

4,.2.2 Further commments on wind calculations

Kohl and King (1967), Geisler (1966,1967), Challinor (1968,1969), and
we agree regarding the direction of the winds at any given altitude, that is,
away from the daytime maximum and toward the nighttime minimum. None
of these analyses shows a steady eastward wind of order 100 m/sec as
predicted by King- Hele (1964). All these analyses, however, are based on
equinoctial atmospheric conditions. Unfortunately, in considering solstice
conditions, Geisler (1967) uses an atmospheric model that is essentially
symmetric with respect to the equator. This model is revised by Jacchia
and Slowey (1968), who show that there is a definite migration of the bulge
with the subsolar point (in agreemient with the theoretical results of
Friedman, 1967). There has been no analysis of winds in the upper atmos-
phere with a truly nonsymmetric atmospheric configuration. Our formula-
tion can easily handle such a problem and, if funding is available, we hope

to work on it in the near future.

One further point must be made. All the above analyses have a common
fault: They consider only winds on a horizontal surféce and find for each
surface a daytime source and a nighttime sink for mass flow. For these
findings to be accommodated in a physically realistic manner, vertical winds
must be introduced to feed mass into the source and to carry it away from

the sink. In the next section we show that our computed winds cause a slight
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density increase at higher latitudes and on the nighttime side of the carth,
The physical conse¢quence of this is that the atmosphere is taken out of hydro-
static equilibrium and vertical motions are induced. These vertical winds
cannot be of large magnitude, and there is no provision in our present

formulation for comiputing them. This is another problem for the future.

Papers by Rishbeth, Moffett, and Bailey (1969) and Dickinson and
Geisler (1968) show that a vertical wind field of order 1 to 2 m/sec does
exist and that it can have a measurable effect on the thermospheric energy
balance. Both research teams worked with a fixed atmosphere and did not

compute the effects of these winds on density profiles.

4,3 Effect of Winds on Density Frofiles

We indicate by the dotted curves in Figures 3 to 5 the resulting density
profiles obtained at altitudes of 300 km and above when density and winds are
computed simultaneously. For this experiment we start with the same initial
atmosphere as that used for the solid-line curves in the figures. Clearly,
the difference in density between these two problems (wind and no wind) is

small, the main reason being the small wind magnitude,

There is a slight decrease in density during the daytime at the equatorial
latitude and a slight inerease everywhere else — that is, there is a horizontal
redistribution of r:s#g so as to diminish the density and pressure gradients.
This is to be expected on physical grounds. Furthermore, too great a
transport of mass would not be expected at the various altitudes since this
would briny the computed atmosphere out of agreement with the hydrostatic

models, which have proved so successful.

In Figures 11 and 12 density profiles at altitudes between 125 and 200 km
are shown. Here again the effect is small, especially at the higher latitudes.
The main reason is that at these altitudes the viscous term is not always
the dominant one in the momentum equations, the coriolis terms frequently

becoming prominent. There is a complex interplay between these two forces.
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When the coriolis terms are dominant, they match the pressure gradients,
leading to geostrophic winds along the isobars. When viscous terms are
dominant, which is the case at higher altitudes, the winds are across the
isobars, The geostrophic winds are not so effective in moving mass and

changing density distributions as are winds across the isobars.

Our computed wind fields have little effect on density., This implies
that computing winds by use of a fixed density background (Geisler, 1966,
1967; Kohl and King, 1967) and not recomputing the densities will not lead
to any gross errors. The fact that the wind does not greatly affect the density
distribution could have been anticipated, One-dimensional models such as
Jacchia's (1965) do not take into account any horizontal mass transport or

wind, and yet these models give quite good results,
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NOTICE

This series of Special Reports was instituted under the supervision
of Dr, F. L. Whipple, Director of the Astrophysical Observatory of the
Smithsonian Institution, shortly after the launching of the first artificial
earth satellite on October 4, 1957, Contributions come from the Staff
of the Observatory,

First issuedto ensure the immediate dissemination of data for satel-
lite tracking, the reports have continuedto provide a rapid distribution
of catalogs of satellite observations, orbital information, and prelimi-
nary results of data analyses prior to formal publication in the appro-
priate journals. The Reports are also used extenswely for the rapid
publication of preliminary or special results in other fields of astro-
physics,

The Reports are regularly distributed to all institutions partici-
patlng in the U. S. space research program and to individual scientists
wito requestthem from the Publications Division, Distribution Section,
Smithsonian Astrophysical Observatory, Cambridge, Massachusetts
02138,
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